INTRODUCTION
Préventive maintenance (pm) problems have been discussed by many authors: Barlow and Hunter [1] have considered two types of pm policies. One policy is that an operating unit is maintained preventively at times kT(k= 1,2,...) and a failed unit between periodic pm's undergoes a minimal repair. The policy is commonly used complex Systems such as a computer and an airplane. Holland and McLean [4] have given a practical procedure for the policy to large motors and small electricl parts.
Earlier results of optimum pm policies have been summarized in [5] , However, almost ail models have assumed that a unit is as good as new after any pm. In practice this assumption is often not true : A unit after pm usually might be younger by pm, and occasionally, it might be worce than before pm because of faulty procedures. The models such that pm, inspection, test, and détection of failure are imperfect, have been treated in [3, 6, 7] . 
T. NAKAGAWA
This paper considers the following three imperfect pm models with minimal repair at failures: (i) a unit after pm has the same failure rate as before pm or is as good as new with certain probabilities ;
(ii) the âge of a unit becomes x units of time younger by each pm; (iii) the âge and the failure rate of a unit are reduced to the original ones at the begining of all pm in proportion to the pm cost.
For each model, we obtain expected costs per unit of time and discuss optimum policies. An example is finally given when the failure time has a Weibull distribution.
IMPERFECT PREVENTIVE MAINTENANCE
Consider the periodic pm policy for a one-unit system which should operate for an infinité time horizon:
(i) the unit begins to operate at time 0. It has the failure time distribution F(t) and the failure rate r(t), i. e., r
(t) =f(t)/[l-F(t)'] 9
where ƒ is a density of F;
(ii) the failure rate r{t) is monotonely increasing; (iii) the unit is maintained preventively at times k T{k -1, 2, ...), where T> 0:
(iv) the unit undergoes only minimal repair at failures between pm's and the failure rate remains undisturbed by minimal repair; (v) the repair and pm times are negligible; (vi) a cost c Y is suffered for each pm and c 2 is suffered for each minimal repair.
Then, we consider the three imperfect pm models with the above assumptions.
Model A
Suppose that the unit after pm has the same failure rate as it has been before pm with probability p (0 S P < 1) and is as good as new with probability p (= l-p). Then, the expected total cost from t = 0 to the time that the unit is as good as new by perfect pm is jp^JilJW)
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We seek an optimum pm time T* which minimizes the expected cost C t {T;p). Differentiating C t (T;p) with respect T and setting it equal to zero imply
i=i Jo It is easily seen that the left hand side of (4) 
Model B
Suppose that the age of the unit becomes x units of time younger by each pm, where x (0 g x ^ T) is constant and previously specified. When x -T, the unit after pm is as good as new by perfect pm, and when x = 0, it has the same age as before pm. Further, suppose that the unit is replaced if it opérâtes for the time interval NT, where N is a positive integer, and a cost c 3 is suffered for the planned replacement of the unit at time NT and is greater than the pm cost c v Then, the expected cost per unit of time is
which is decreasing in x from the assumption (ii). Thus, we have the inequalities Next, suppose that 7" is constant. Further, C 2 (r, 0; x) = oo formally for simplicity of analysis. Then, a necessary condition that there exists a finite and unique iV* minimizing C 2 (T, N; x) is that N* satisfies 2 , and otherwise, we make no replacement.
Model C
Model B has assumed that the âge x reduced by pm is independent of the pm cost c x . In this model, we suppose that the âge and the failure rate of the unit after pm are reduced in proportion to the pm cost c x .
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First, suppose that the age of the unit after pm reduces to [1 -(c l 
Next, suppose that the failure rate of the unit after pm reduces to [1-(Ci/co)] r(y + T) by each pm when it was y 4-T before pm. In the steady-state, we have
(y + T) = r{y).
(15)
The expected cost per unit of time is 
Thus, the age y of the unit after pm is computed from (15), and hence, an optimum pm time T* is obtained by substituting y into (16) and changing T to minimize it.
CONCLUSIONS AND EXAMPLE
We have considered the three imperfect pm models and have obtained the expected costs per unit of time for each model. It is noted that all models are identical and agrée with ( Further, we consider a modified model of Model B such that the age of the unit after pm reduces toaï(0^a^ 1) when it was t before pm, i. e., It is very difficult to make discussions about optimum pm times of Models B and C. We finally consider an example when the failure time has a Weibull distribution and show how to get optimum pm times.
Suppose that the failure time distribution is a Weibull with a shape parameter oc, i. e., F(t ) = 1 -exp (-X i a ) (X > 0, a > 1). Then, the failure rate is r{t) = X<xt*~l, which is monotonely increasing, taking the values from 0 to oo. Thus, we have the following results for each model.
Model A
The expected cost per unit of time is, from (3),
00
where g (oc) = p £ p j '~1 j" which represents the oc-th moment of the geometrie distribution with parameter p. The optimum pm time is, from (4),
Model B
The expected cost per unit of time is, from (6),
which is monotonely increasing in T, taking the values from 0 to oo. Thus, the optimum pm time 7 1 * exists uniquely, which satisfies (20). Further, the left hand side of (20) is decreasing in x for a fixed T 9 and hence, the optimum pm time r* is an increasing function of x. Thus, putting x = 0 and 
and the optimum pm time is, from (14),
